Adding right-handed neutrinos to the Standard Model is a natural and simple extension and is well motivated on both the theoretical and the experimental side. We extend the Standard Model by adding only one right-handed Majorana neutrino and study the sensitivity of the Near Detector of the DUNE experiment to the new physics parameters, namely the mixing parameters |U e4 | 2 and |U µ4 | 2 and the mass m N . The study relies on searches of the products of right-handed neutrino decays, which is possible thanks to an extremely intense beam and a state-of-the-art detection technology. This type of direct test is carried out with very few assumptions and in an almost-completely model-independent way, providing thus a strong result. A background analysis is also performed, simulating the detector performance to particle identification. It is found that the existing bounds in the MeV-range can be improved by one order of magnitude in different detection channels.
Introduction
The evidence for three neutrino flavour oscillation is well established [1, 2] and can be accounted for only if the neutrino mass splittings are non zero [3] . This imply that at least two neutrino states are massive, even though the Lagrangian of the Standard Model (SM) does not give an explanation of such masses. A natural solution is to extend the SM with the right-handed counterpart of neutrinos, in order to accommodate in the Lagrangian both Yukawa couplings, which generate Dirac masses via Higgs mechanism, and Majorana mass terms. A seesaw realisation can then take place to address the small neutrino masses, but its discussion is beyond the scope of this work.
The Deep Underground Neutrino Experiment (DUNE) will also be sensitive to Beyond the Standard Model (BSM) physics. In this study, we will show that it has the capability of performing a model independent search for right-handed neutrino decays into SM particles. Thanks to very few assumptions, this type of analysis gives very strong limit on new physics content in case of non-observation of such decays. In laboratory searches, no positive evidence of sterile neutrinos has been found so far in the mass range of interest. The current limit in this region is given by the PS191 experiment [4] . The upper bound was set to be ≤ 10 −8 ∼ 10 −9 for both |U e4 | 2 and |U µ4 | 2 . A thorough review of the current constraints is found in [5, 6] .
Theoretical framework
The addition of a single sterile fermionic state N ′ to the SM is an economical modification and sufficient to describe the search of neutrino decays into SM particles. Yukawa couplings between the new fermions and the Higgs field are permitted, as well as Majorana mass terms. The Lagrangian reads:
withH = iσ 2 H and N ′C the charge conjugated field of N ′ . After the electroweak symmetry breaking and the diagonalisation of the mass matrix, the new Majorana state N mixes with the light ones into active neutrinos as:
where the entries U α i corresponds to the PMNS matrix and U α4 are the new mixing elements. As the flavour eigenstates are coupled to the electroweak bosons, the new mass eigenstate is involved in any process in which active neutrinos take part, with vertices proportional to the mixing U α4 . The masses of the new fermions can range from below the electroweak scale up to the Planck scale, producing accordingly a different phenomenology. If the mass is the range from few MeV to few GeV, the heavy neutrinos can be produced in the beam, in a fixed target experiment, with the same mechanism that generates light neutrinos. A proton beam impinging on a fixed target produces a significant number of light pseudo-scalar mesons, mainly pions and kaons, which in turn decay via leptonic and semi-leptonic channels. The prediction of the ν µ spectrum broken down by meson parentage is illustrated in figure Fig. 1 on the left. The deflection of the mesons with magnetic horns into a decay pipe results in a focused neutrino beam, a component of which consists of sterile neutrinos with masses m N up to the mass of the decaying meson. If the new neutrinos are massive enough, their mass-splittings with the light neutrinos could be larger than the wave packet energy-uncertainty associated with the production mechanism, and so they do not oscillate [7] . In this scenario, MeV-scale sterile neutrinos can propagate undisturbed from the decay pipe to the detector, where they might decay into visible SM particles. For masses m N < m K 0 , the available decay modes are, in ascending mass threshold order,
The decay width of these channels can be found in [5] . It is possible to evaluate the flux of the sterile neutrinos within reasonable approximation. The flux of light neutrinos ν α , like the one presented in Fig. 1 , produced from the leptonic or semileptonic decay of a given parent particle P → ν α + X can be suitably scaled to obtain a valid heavy neutrino flux. Neglecting energy dependence, a reliable scale factor is given by the ratio with respect to the SM of the partial decay widths in the model with an extra neutrino. The ratio will be proportional to the mixing parameter and will contain only kinematic functions of the Majorana neutrino mass, m N . With this in mind, the corresponding flux for the sterile neutrino is estimated as follows:
The scale factors K can be computed analytically for leptonic two-body decays of pseudo-scalar mesons [8] . This ratio in the case of two-body decays is responsible for correcting phase space and helicity terms. As a matter of fact, a Majorana neutrino is not affected by helicity suppression, and as a consequence the electronic channels are enhanced with respect to the muonic. The factors are shown on the right plot of figure Fig. 1 . In the case of three-body decays the computation is numerical, and the factors K do not show any enhancement but account just for the correct phase space.
The Near Detector
The upcoming DUNE experiment will study oscillation of neutrinos in great detail [9] , thanks to the 40 kton Liquid Argon Time Projection Chamber (LArTPC) situated 1300 km from the proton Table 1 : Left: Main decay channels yielding neutrinos in a fixed target experiment. Only secondary particles up to the neutral kaon are shown. Right: Features of the two detectors which will form the ND system, compared to PS191. The exposure is defined as POT×Volume×Baseline −2 with respect to PS191. For this search, volume is the driving feature, whereas the fiducial weight affects the background.
target. A Near Detector (ND) is nevertheless needed in order to normalise the flux of neutrinos reaching the far detector: the ND will be placed 574 m from the target. Even if the final design of the ND has not been decided yet, its active volume will be exposed to an extremely intense neutrino beam during data runs, thanks to its proximity to the target and its size. The ND will likely be a hybrid concept, consisting of a LArTPC placed in front of a High Pressure Argon TPC (HPArTPC). A summary of the features of the two detector is reported in Tab. 1, where they are compared to PS191.
The expected number of heavy neutrino decays inside the detector for a given channel d can be naively evaluated using the following formula:
where W d is an efficiency factor derived from background reduction analyses, and dφ N /dE is the number of N expected at the ND. The term P d accounts for the probability of a Majorana neutrino of energy E to travel the baseline distance and decay inside the near detector, where L denotes the baseline, λ the length of detector, Γ d the partial decay width for the mode d and Γ tot the total decay width. Except from N decaying into three neutrinos, all the other decay channels are detectable. Ordinary neutrino-nucleon interaction occurring within the fiducial volume of the detector are the major source of noise. The most copious events are quasi-elastic interactions, either via charged currents (CCQE) or via neutral currents (NCE), deep inelastic scattering (DIS) and resonance pion production (CC1π). In order to reduce the background, a million neutrino-nucleon events are generated with genie [10] and passed to a fast Monte Carlo which accounts for detector smearing effects and mis-identification. Events with detected hadronic activity are discarded, for it is a conclusive evidence for a beam-related scattering event. The kinematic properties of the remaining background events are compared to simulated signal events: the different behaviours of the two further help in discriminating signal events from the background. Conservative data analysis cuts are applied to maximise the background reduction, while retaining as many signal events as possible. The weighting factors W d (E) in Eq. 4 are the binned ratio of the N energy spectrum after and before the analysis cuts. Figure 2 : Sensitivity of the ND system to direct search of right-handed neutrinos, studying the decay modes N → eπ and N → νee for |Ue4| 2 (left) and the decay modes N → µπ and N → νee for |Uµ4| 2 (right). The solid lines corresponds to the analysis before the background analysis (W d = 1). The dotted lines are drawn after the background analysis. The current limits from PS191 [4] , CHARM [12] and peak searches [13] are also shown for comparison.
